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Abstract 

Background: The v-aminobutyric acid type A receptor (GABA A R) is the primary receptor mediating fast synaptic 
inhibition in the brain and plays a critical role in modulation of neuronal excitability and neural networks. Previous 
studies have demonstrated that ATP and its nucleotide analogs may regulate the function of GABA A Rs via 
Ca 2+ -dependent intracellular mechanisms, which require activation of purinergic 2 (P2) receptors or cross-talk 
between two receptors. 

Results: Here, we report a potentiation of GABA A Rs by extracellular ATP via a previously un-recognized allosteric 
mechanism. Using cultured hippocampal neurons as well as HEK293 cells transiently expressing GABA A Rs, we 
demonstrate that extracellular ATP potentiates GABA A R mediated currents in a dose-dependent manner with an 
EC50 of 2.1 ± 0.2 mM. The potentiation was mediated by a postsynaptic mechanism that was not dependent on 
activation of either ecto-protein kinase or P2 receptors. Single channel recordings from cell-free excised membrane 
patches under outside-out mode or isolated membrane patches under cell-attached mode suggest that the ATP 
modulation of GABA currents is achieved through a direct action of ATP on the channels themselves and manifested 
by increasing the single channel open probability without alteration of its conductance. Moreover, this ATP 
potentiation of GABA A R could be reconstituted in HEK293 cells that transiently expressed recombinant rat GABA A Rs. 

Conclusions: Our data strongly suggest that extracellular ATP allosterically potentiates GABA A R-gated chloride 
channels. This novel mode of ATP-mediated modulation of GABA A Rs may play an important role in regulating neuronal 
excitability and thereby in fine-tuning the excitation-inhibition balance under conditions where a high level of 
extracellular ATP is ensured. 
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Background 

The y-aminobutyric acid type A receptor (GABA A R) is a 
ligand-gated chloride ion channel, activation of which 
results in membrane hyperpolarization and hence inhib- 
ition of the neuronal excitability in the adult mammalian 
brain. Dysfunction of GABA A Rs is associated with the 
pathogenesis of a number of neurological diseases and 
neuropsychiatric disorders such as epilepsy, Alzheimer 
disease, and anxiety [1-6]. GABA A Rs are also targets of 
many clinically- relevant drugs including benzodiazepine, 
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barbiturates and general anesthetics [7]. Moreover, 
endogenously produced substances such as neuro- 
steroids [8] and zinc [9,10] modulate GABA A Rs via 
direct interaction with the putative binding sites on 
the receptor subunit. Therefore, allosteric modula- 
tion is an important mode in regulating GABA A R 
functions and hence maintaining homeostasis for 
neuronal excitability. 

In the CNS, adenosine 5 '-triphosphate (ATP) not only 
acts as a major intracellular energy source and phosphate 
donor, but also functions extracellularly as a neurotrans- 
mitter via activation of purinergic 2 (P2) receptors. 
Previous studies demonstrate that extracellular ATP 
can modulate GABA A R function by activation of P2 re- 
ceptors [11-13]. In addition, a physical cross-talk between 
GABA A Rs and P2 receptors which influencess inhibition 
of GABA A R-mediated currents has also recently been 
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reported [14-16]. Ortinau et al (2003) reported that 
extracellular ATP inhibits the function of N-methyl-D- 
aspartate (NMDA) glutamate receptors by directly bind- 
ing to the receptor, suggesting that extracellular ATP 
may function as an allosteric modulator for neurotrans- 
mitter receptors [17]. 

High levels of ATP also exist in the extracellular com- 
partment under both normal physiological conditions (i.e. 
as result of synaptic release) [18-20], and pathological 
conditions such as traumatic and ischemic brain insults 
[21-24]. In addition, previous studies suggest that ATP 
and GABA are released at GABAergic synapses [18,19,25]. 
Such a co-release suggests that, under certain conditions, 
ATP could act as an allosteric modulator for postsynaptic 
GABA A Rs. In the current study, we set out to investigate 
this hypothesis by using both cultured hippocampal 
neurons and HEK293 cells transiently expressing func- 
tional recombinant GABA A Rs. We found that both ATP 
and ADP can potentiate GABA A R-mediated currents. 



Moreover, this potentiation effect appears to be mediated 
by a direct binding of these nucleotides at a putative 
nucleotide-binding site on the GABA A R. 

Results 

Extracellular ATP potentiates GABA A R-mediated currents 

Under whole-cell voltage-clamp recordings of hippocam- 
pal neurons at a holding membrane potential of -60 mV, 
repetitive short pulses of pressure ejections of GABA 
(100 uM) to the neuron evoked robust inward currents, 
and these currents were mediated through GABA A R-gated 
CI" channels as they were completely blocked by bath ap- 
plication of the GABA A R antagonist bicuculline (10 uM; 
Figure 1A). Bath application of ATP at various concen- 
trations produced a dose-dependent potentiation of the 
GABA-evoked currents with an EC50 of 2.1 ±0.2 mM 
(n = 8; Figure 1A and B). At a concentration of 4 mM, 
ATP increased the GABA-evoked currents to 171.9 ± 
13.8% of the control (n = 7, P < 0.01). The potentiation of 
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Figure 1 Extracellular ATP dose-dependently potentiates GABA A R-mediated currents in neurons. Whole-cell patch-clamp recording were 
made from rat cultured hippocampal neurons. GABA A R-mediated currents were evoked by a pulse pressure ejection of GABA (100 uM) from the 
tip of a pipette positioned close to the neurons under recording. A, Bath application of ATP (4 mM) reversibly potentiates GABA currents (ATP; 
1 71 .9 ± 1 3.8% of the Control; P < 0.01 ; n = 7) and the potentiated currents remained sensitive to bicuculline (1 0 uM) blockade (ATP + bicuculline). 
Representative current traces were taken 5 min before and after drug applications or washout as indicated. B, The dose-response curve showing 
the dose-dependent potentiation of GABA currents by various concentrations of ATP (n = 8). Each data point represents the mean ± SEM of GABA 
currents (normalized to Control) at the indicated ATP concentrations. The solid line is the best fit of the data to the Hill equation, which yields a 
mean EC 50 of 2.1 ± 0.3 mM and H of 1 .66. C, ATP increases the amplitude of GABA currents without altering their reversal potential. Left: Superimposed 
individual traces of currents evoked by GABA (10 uM) in the absence (Control) and presence of ATP (4 mM) at different holding potentials from -60 
to +60 mV with a step of 20 mV. Right: current-voltage (l-V) relationships constructed from the data shown in the Left. 
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ATP on GABA currents was reversible upon washout and 
the potentiated currents remained sensitive to bicuculliine 
blockade (Figure 1A). Analysis of the current-voltage 
(I - V) relationship in the absence and presence of ATP 
within the range of holding potentials from -60 to +60 mV 
showed that ATP significantly potentiated the peak am- 
plitude of GABA currents without altering the reversal po- 
tential (Figure 1C). Thus, extracellular ATP at mM ranges 
can significantly potentiate the function of GABA A Rs. 

Extracellular ATP potentiates currents mediated by both 
synaptic and extrasynaptic GABA A Rs 

Currents evoked by exogenously applied GABA could be 
mediated by synaptic and/or extrasynaptic GABA A Rs. 
To examine if ATP can modulate GABA A Rs localized 
at the synapse, we examined effects of extracellularly 
applied ATP on whole-cell recordings of miniature 
postsynaptic inhibitory currents (mlPSCs) mediated by 



synaptic GABA A Rs. mlPSCs were recorded at a holding 
membrane potential of -60 mV after blocking ionotropic 
glutamate receptors with CNQX (20 uM) and AP-5 
(50 uM), glycine receptor with strychnine (1 uM) and 
sodium channels with TTX (1 uM). Suramin (100 uM) 
and BBG (1 uM) were also added to the extracellular so- 
lution to block P2 receptors. Similar to the observation 
with evoked GABA currents above, extracellular appli- 
cation of ATP at a concentration of 2 mM (but not 
100 uM) significantly potentiated mlPSCs (Figure 2A 
and B). These increased mlPSCs were abolished by 
addition of bicuculline (10 uM), indicating that mlPSCs 
following ATP remained entirely gated through GABA A Rs 
(Figure 2A). The ATP enhancement of mlPSCs was 
reversible, as it recovered to control levels after ATP and 
bicuculline wash out (Figure 2A). Consistent with an ef- 
fect on the postsynaptic GABA A R, but not on presynaptic 
GABA release, ATP potentiation was manifested as a 




Figure 2 Extracellular ATP potentiates function of both synaptic and extrasynaptic GABA A Rs in cultured hippocampal neurons. 

A-C, ATP increases the amplitude (but not the frequency) of mlPSCs mediated by synaptic GABA A Rs. Pharmacologically isolated GABA A R- 

mediated mlPSCs were recorded under whole-cell voltage clamp mode at a holding potential of -60 mV. A, Representative continuous recording 

traces taken 5 min before and after drug applications or washout showing dose-dependent effects of ATP on mlPSCs. ATP at a concentration of 

2 mM, but not 100 uM, potentiated mlPSCs. The potentiated mlPSCs were fully blocked by additional application of bicuculline (10 uM) and 

returned to the control level after ATP washout. B, Cumulative amplitude and frequency distribution histograms of mlPSCs from the same cell 

shown in A before (black lines) and after (dotted lines) ATP application illustrating a specific increase in the mlPSC amplitude without alteration 

of its frequency. C, Histogram summarizing averaged changes in the amplitude and frequency of mlPSCs before (Control) and after application of 

ATP (2 mM) from 7 individual neurons. All values were presented as percentage of the controls. D, Extracellular ATP increases the tonic GABA 

current. Tonic GABA currents were revealed by blocking native GABA A Rs with addition of bicuculline (20 uM) in the absence (Control) and 

presence (ATP 2 mM) of ATP in the extracellular recording solution. Left, Representative tonic GABA current traces in the absence and presence of 

ATP taken from the same neuron 5 min before and after bath application of ATP (2 mM). Bar graphs on the Right summarizing data obtained 

from 6 individual neurons. ** P < 0.01 . 
\ J 
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specific increase in the amplitude (132 ± 8.7% of the con- 
trol; p < 0.01; n = 7; Figure 2E), but not the frequency 
(96.4 ±3.3% of the control; p > 0.05; Figure 2E), of 
mlPSCs. These results indicate that extracellular ATP po- 
tentiates function of synaptic GABA A Rs, thereby increas- 
ing the synaptic (phasic) currents mediated by these 
receptors. 

Next, to determine if ATP has a modulatory effect on 
extrasynaptic GABA A Rs, thereby affecting tonic GABA 
currents, we examined tonic GABA currents revealed by 
the addition of bicuculline (20 \iM) in the presence or 
absence of ATP (2 mM ATP). As shown in Figure 2D, 
bath application of bicuculline (20 \iM) produced an 
outward shift of the baseline current trace, indicating 
that these tonic currents are gated largely through extra- 
synaptically localized GABA A Rs activated by ambient 
GABA under the recording conditions [26]. Following 
addition of ATP (2 mM), bicuculline produced a sig- 
nificantly larger outward shift of the holding current 
(Figure 2D; 17.2 ± 2.7 pA in the presence of ATP vs 11.4 ± 
1.8 pA in the absence of ATP; P < 0.01; n =6). Thus, extra- 
cellular ATP appears capable of modulating both synaptic 
and extrasynaptic GABA A Rs, thereby potentiating both 
phasic and tonic GABA currents. 

Extracellular ATP modulates GABA A R function via 
mechanism of independent of ecto-protein kinases or 
activation of P2 receptors. 

Intracellular ATP is usually maintained at a few milli- 
molar range (2-5 mM) at which it serves as a phosphate 
donor to support regulation of GABA A R by protein 
phosphorylation [27-29]. As extracellular (ecto-) protein 
kinases have been previously demonstrated to phospho- 
rylate neuronal membrane proteins such as P2X3 recep- 
tors [30], we first examined the possibility that the ATP 
potentiation of GABA A R function was a result of ecto- 
protein kinase mediated phosphorylation by using AMP- 



PNP, a non-hydrolyzable analog of ATP that cannot sup- 
port the protein phosphorylation process. As illustrated 
in Figure 3A, AMP-PNP (2 mM) in the bath mimicked 
ATP, increasing the amplitude of GABA currents 
(Figure 3A; 134.2 ±11.4%; P < 0.05; n = 5). Similarly, we 
found that ADP (2 mM) was also able to significantly 
potentiate GABA currents (Figure 3A; 140 ± 14.7; 
P<0.05; n = 7). As both AMP-PNP and ADP cannot 
function as a phosphate donor during protein phospho- 
rylation process, these results suggest that extracellular 
protein phosphorylation is not likely involved in the 
ATP potentiation of GABA A R-mediated currents. 

As a neurotransmitter, at low concentrations (<100 \iM) 
ATP can activate a number of P2 receptors [31]. The fact 
that extracellular ATP at this concentration has little po- 
tentiating effect on GABA A R currents induced by either 
exogenous (Figure 1) or endogenous GABA (Figure 2) 
strongly suggests that activation of purinergic receptors is 
unlikely to be responsible for the ATP potentiation of 
GABA currents observed here. To further rule out the 
potential involvement of activation of P2 receptors, P2 
receptor antagonists were perfused prior to, and during 
the application of ATP. At a concentration of 100 |iM, 
suramin (a broad-spectrum antagonist of P2 receptors) 
blocks almost all P2 receptors, but has almost no effect on 
P2X 7 receptors [32,33]. BBG is a potent P2X 7 receptor an- 
tagonist with a very low IC 50 (< 10 nM) [34,35]. As shown 
in Figure 3C, although application of suramin (100 \iM) 
and BBG (1 \iM) resulted in reduction of GABA currents 
on their own, ATP (2 mM) was still able to potentiate 
GABA currents in the presence of suramin and BBG 
(Figure 3C). The mean amplitude of GABA currents was 
increased to 138.5 ± 16.5% (n = 5; P < 0.05) of the control. 
This suggests that the ATP potentiation of GABA currents 
is not due to activation of P2 receptors. Together, 
our results appear to reveal a previously undescribed 
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Figure 3 Potentiation of GABA A R-mediated currents by ATP and analogs does not require activation of ecto-protein kinase or P2 
receptors in cultured hippocampal neurons. Representative individual whole-cell GABA current traces were taken 5 min before (Control) 
and after drug applications (100 uM, pulse-pressure ejection). A and B, AMP-PNP (2 mM; A) or ADP (2 mM; B), two ATP analogues that cannot 
function as phosphate donor for ecto-protein kinase mediated phosphorylation, remain capable of potentiating GABA currents, increasing the 
peak currents by 1 34.2 ± 1 1 .4% (A; P < 0.05; n = 5) and 1 40 ± 1 4.7 (B; P < 0.05; n = 7), respectively. C, Non selective P2 receptor antagonist suramin 
(100 uM) and selective P2X 7 receptor antagonist BBG (1 uM) suppressed basal GABA currents on their own, but failed to prevent ATP from 
potentiating the currents; ATP increased the peak currents by 138.5 ± 16.5% (n = 5; P < 0.05) in the presence of both antagonists. 
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mechanism of ATP modulation of GABA A Rs, one which 
is not dependent on either ecto-protein kinases or P2 re- 
ceptor activation. 

The enhancement of GABA A R function by extracellular 
ATP is likely mediated by an allosteric mechanism 

ATP may also allosterically modulate functions of many 
proteins, including neurotransmitter receptors, by directly 
binding to these proteins [17,36-38]. As an initial step to 
test this possibility, we investigated the effect of extracellu- 
lar ATP on GABA A R-gated single channel activities in 
excised membrane patches under various modes of single- 
channel recordings. Suramin (100 uM) and BBG (1 uM) 
were added in the extracellular solution to block P2 recep- 
tors. Under the outside-out mode at a holding potential 
of -60 mV (Figure 4), no single channel activities were ob- 
served in the absence of GABA. ATP alone (1 mM) did 
not induce any detectable single channel currents (data 
not shown). When 0.5 \xM GABA was added to the extra- 
cellular recording solution, single channel activities oc- 
curred frequently, but were abolished by the addition of 



bicuculline (10 uM) in the extracellular solution, con- 
firming that the currents were gated through GABA A Rs 
(Figure 4A). The mean single channel conductance and 
open probability (P 0 ) were 27 ± 0.85 pS and 0.18 ± 0.04 
(n = 7), respectively. As shown in Figure 4A, co-applica- 
tion of ATP (1 mM) significantly increased the P 0 of the 
GABA A R-gated single-channel activities without altering 
either main channel conductance or reversal potential 
(Figure 4A and B). The mean P 0 and single channel con- 
ductance in the presence of ATP were respectively 0.32 ± 
0.06 (p < 0.01; n = 7; Figure 4C) and 27 ± 1.02 pS (P > 0.05; 
n = 7). The changes in mean P 0 may result from altered 
channel open times and/or frequency. Open time distri- 
bution histograms revealed that the mean open time in 
the presence of ATP was 11.3 ±1.5 ms, which was sig- 
nificantly different from the control (6.4 ±1.1 ms; P < 0.05, 
n = 7; Figure 4D). Although the frequency in the pre- 
sence of ATP was slightly increased (control: 2.6 Hz vs. 
ATP: 3.0 Hz), it was not significantly different from the 
control (P > 0.05; n = 7). These results suggest that ATP 
potentiation of GABA currents is achieved by an 
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Figure 4 Extracellular ATP increases the open time of GABA single-channel activity in outside-out mode in hippocampal neurons. 

Outside-out GABA A R gated single channel activities were recorded by bath application of GABA (0.5 uM) to the excised patches through bath applications 
(A, Left) in absence (GABA; 0.5 uM) or presence of ATP (+ATP 1 mM) or ATP + bicuculline (+bicuculline 10 uM) in the bath or after drug washout (Washout). 
Suramin (100 uM) and BBG (1 uM) were added in the bath throughout the recording to block P2 receptors. A, Representative GABA current traces were 
obtained 5 min before (GABA 0.5 uM) and after drug applications or washout as indicated above traces. In this patch, P D increased from 0.15 in the control 
(GABA) to 0.28 after addition of ATP. B, Current-voltage relationship of GABA single channel activity in the absence (Control) and presence of ATP (1 mM) 
at various holding membrane potentials. C and D, Bar graphs summarizing the mean P Q (/.eft) and open times {Right) in the absence (GABA) and presence 
of ATP (GABA + ATP) from seven cells. ** P < 0.01 . 
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increase in single channel P OJ mainly due to prolonged 
open times. 

The observation that potentiation can be detected in 
the excised patches under outside-out mode is consis- 
tent with the idea that ATP is not dependent on any dif- 
fusible intracellular signaling molecule. Thus, ATP may 
exert its modulating effects by directly acting on the 
GABA A R itself, or on a protein that is tightly associated 
with the GABA A R. This idea was further supported by 
single-channel recordings under the on-cell attached 
configuration. In this mode, GAB A (0.5 \iM) was added 
to the recording solution in the pipette to selectively 
activate GABA single channels within the pipette tip 
(Figure 5A). Bath perfusion of ATP (1 mM) outside of the 
recording pipette had little effect on single channel acti- 
vities (Figure 5A and B; the mean P Q and the main channel 
current amplitude being 0.08 ± 0.02 and 1.66 ± 0.2 pA in 
the presence of ATP and 0.07 ± 0.02 and 1.64 ± 0.2 pA in 
the absence of ATP; P > 0.05, n = 5). However, application 
of ATP (1 mM) along with GABA (0.5 \iM) into the re- 
cording pipette solution resulted in a significant increase 
in the mean P Q (P 0 : 0.19 ± 0.04; P < 0.01, compared with 



that in the absence of ATP; n = 6; Figure 5A and B) and 
was similar to that observed under the outside-out mode, 
leading to a significant increase in the mean open times 
(Figure 5C; 7.7 ± 0.8 ms in the presence of ATP vs 
4.6 ±0.4 ms in the absence of ATP; P > 0.01, n = 5). 
Together, single channel results from both outside-out 
and on-cell modes support the notion that ATP poten- 
tiates GABA currents, likely via a mechanism of allosteric 
modulation. 

To further explore this possible allosteric modulation 
via a direct binding to the GABA A R itself, we finally 
examined the ability of extracellular ATP and its analogs 
to potentiate the function of recombinant GABA A Rs 
transiently expressed in HEK293 cells in the absence of 
other known neuronal proteins. GABA A Rs are pentameric 
hetero-oligmers assembled from various distinct subunit 
combinations. Although more than sixteen distinct sub- 
units have been identified, most native GABA A Rs in the 
mammalian brain consist of 2a, 2(3 and ly subunits 
[1,39]. We transiently expressed recombinant rat al(32y2 
GABA A Rs, the most abundant composition of native 
GABA A R subtypes in the mammalian brain [39]. Neither 
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Figure 5 Extracellular ATP increases GABA single-channel open time in cell attached mode. GABA A R channels in the patch membrane 
underneath the tip of the recording pipette were specifically activated by inclusion of GABA (0.5 uM) in the intra-pipette recording solution at a 
holding membrane potential of 0 mV. A, Representative current traces revealing that ATP (1 mM) increased the GABA single-channel activity only 
when it was included through the recording pipette. Bar graphs on the Right summarize the mean open probability (P D ; B) and open times 
(C) averaged from 5 individual recordings in the absence (Control) and presence of ATP (1 mM) outside the pipette in the bath solution 
(ATP outside pipette) or inside the pipette by its inclusion in the pipette solution (ATP inside pipette). ** P < 0.01. 
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ATP nor ADP at a concentration of 2 mM produced any 
detectable currents in HEK293 cells. Fast perfusion of 
GABA (3 uM) reliably produced inward currents, which 
were blocked by 10 uM bicuculline, indicating the currents 
were mediated by bicuculline sensitive GABA A R-mediated 
chloride-gated ion channels (Figure 6A). Co-perfusion of 
GABA (3 uM) and ATP at various concentrations resulted 
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Figure 6 Extracellular ATP and ADP potentiates function of 
recombinant GABA A Rs. Whole-cell voltage-clamp recordings were 
performed in HEK293 cells transiently expressing rat recombinant al (32y2 
GABA A Rs at a holding membrane potential of -60 mV. GABA currents 
were induced by fast perfusion of GABA at various concentrations. 
A, Representative current traces showing the potentiation of GABA 
(3 uM) currents by co-perfusion of ATP (0.5 mM). The increased current 
was blocked in the presence of bicuculline (10 uM) and returned to the 
control level after ATP washout. B, The dose-response curve showing the 
dose-dependent potentiation of the GABA (3 uM) currents by various 
concentration of ATP. All values were normalized to the maximal GABA 
currents (l max ) induced at 3 mM of ATP. Each data point is the mean ± 
SEM of normalized GABA currents at the indicated ATP concentrations 
(n = 6). The solid line is the best fit of the data to the Hill equation. The 
EC50 and H were 390 ± 48 uM and 1 .66 ± 0.1 , respectively. C, ATP 
potentiation of GABA A R activity is GABA dose-dependent. GABA dose- 
response curves were constructed in the absence (Control) and presence 
(ATP) of ATP (0.5 mM) from five cells. ATP shifted the curve to the left 
and reduced EC50 from 1 1 .6 ± 3.3 uM to 5.8 ± 2.1 (P < 0.01) without 
change in H (control: 1 .57 ± 0.1 ; ATP: 1 .62 ± 0.1 ; P > 0.05). All values were 
normalized to the l max induced by GABA (300 uM). D, ADP mimics ATP, 
potentiating the activity of recombinant GABA A Rs. Representative current 
traces showed that application of ADP (0.5 mM) reversibly increased 
currents induced by GABA (3 uM). On average, it increased the currents 
by 147.5 ± 1 5.9% (P < 0.01; n = 5). 



in a significant increase in the peak amplitudes in a dose- 
dependent manner, with a minimum concentration of ap- 
proximately 100 \iM and a maximum concentration of 
greater than 2 mM (Figure 6A and B; n = 6). At a con- 
centration of 0.5 mM, ATP increased the GABA currents 
to 1387 ± 14.2 of the control value (Figure 6A and B; 
P < 0.05, n = 6). The potentiated currents were completely 
abolished by bicuculline (10 \iM; Figure 6 A), and reco- 
vered to control levels after washing out ATP (Figure 6A). 

This ATP potentiation is also GABA concentration 
dependent. As shown in Figure 6C, in the absence of 
ATP, GABA produced currents in a dose-dependent 
manner with the EC50 and Hill coefficient (h) being 
respectively 11.6 ±3.3 \xM and 1.66 ±0.1 (n = 5). Bath 
application of ATP (0.5 mM) caused a left shift of the 
GABA dose-response curve, reducing the EC50 to 5.8 ± 
2.1 \iM without altering the h (1.62 ±0.1). Similar to 
observations obtained in neurons, the ATP potentiation 
of GABA A Rs was also mimicked by ADP. We found that 
bath application of ADP (2 mM) increased GABA 
currents by 147.5 ± 15.9% of the control (P < 0.01, n = 5; 
Figure 5D). Thus, similar to native GABA A Rs in neurons, 
recombinant rat GABA A Rs overexpressed in HEK293 cells 
are also subject to potentiation by extracellular ATP. 
These results therefore provide additional support for the 
notion that ATP modulation of GABA A Rs through an 
allosteric mechanism that does not require other neuronal 
proteins. 

Discussion 

The modulation of GABA A R function by extracellular 
ATP observed here is unlikely to require activation of 
P2Y receptors, as was previously reported in rat cerebel- 
lar granule cells [13]. First, Saitow and colleagues found 
that ADP potentiation of postsynaptic GABA A R-me- 
diated currents was long-lasting and could be demon- 
strated at a much lower ADP concentration (within tens 
of micromoles). In our study, the potentiating effect of 
ATP or ADP on GABA currents was transient and re- 
versible, quickly returning to baseline level upon ATP 
washout. Moreover, ATP potentiation was only observed 
at concentrations above 100 (iM. Second, it is well estab- 
lished that suramin at a concentration of 100 \iM can 
block the majority of P2 receptors (with the exception of 
P2X 7 receptors) and that BBG has a very high affinity 
for the P2X 7 receptor with an IC50 of 10 nM to 0.2 \iM 
[35]. We found that the potentiating effect of ATP or 
ADP on GABA currents was not blocked by suramin 
(100 [iM) and BBG (1 \M). 

It has been speculated that cross-talk between GABA A 
and P2X receptors may play in a role in ATP regulation 
of GABA A Rs. Although underlying mechanisms remain 
controversial, recent studies suggest that it depends on 
elevated [Ca 2+ ]i [12,16] (but, also see [16]). However, 
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whether [Ca + ]i dependent or not, such a receptor-cross 
talk is unlikely to be responsible for the ATP poten- 
tiation of GABA A R function observed in the present 
study, as blockade of P2 receptors had little effect, 
and the BAPTA (10 \iM) included in our intracellular 
recording solution should be sufficient to prevent the 
[Ca 2+ ] r dependent processes proposed in these earlier 
studies. 

Ecto-protein kinases have been identified in the CNS 
and can modulate functions of membrane receptors 
such as P2X3 receptors [30]. However, in the present 
study we demonstrated that both AMP-PNP and ADP 
mimicked the effects of ATP, potentiating the function 
of GABA A Rs. As both of AMP-PNP and ADP cannot 
substitute ATP in supporting the protein phosphory- 
lation reaction, these results can essentially rule out the 
involvement of ecto-protein kinase mediated ex extracel- 
lular protein phosphorylation. 

ATP is also known to function as an allosteric 
modulator for a number of proteins by directly binding 
to these proteins, regulating their functions. These pro- 
teins include CFTR (Quinton PM, Reddy MM., 1992), 
GABA A Rs [40], InsP3 receptors [37,41], and capsaicin- 
activated ion channels [42]. But, in most of these cases, 
ATP binds to the intracellular domains of these proteins. 
Whether extracellular ATP can allosterically modulate 
GABA A Rs via a direct binding to the extracellular do- 
mains of the receptor has not previously been suggested. 
Here, we provide several pieces of evidence that are 
consistent with such a mode of regulation. First, using re- 
combinant rat GABA A Rs transiently expressed in HEK293 
cells, we were able to demonstrate that extracellular 
ATP can potentiate the function of these recombinant 
GABA A Rs in a manner similar to observations obtained 
with native GABA A Rs in neurons, suggesting that the 
ATP modulation does not require any additional neuronal 
specific proteins other than GABA A Rs themselves. 
Second, ATP potentiation could be demonstrated in the 
excised cell-free membrane patches under the outside-out 
configuration in neurons (Figure 4). These results indicate 
that the potentiation of GABA A Rs by extracellular ATP 
does not require any diffusible second messenger mol- 
ecule downstream of an unknown metabotropic receptor, 
thereby providing strong support for a direct binding of 
ATP or its analog to an extracellular domain of GABA A R 
itself, or a membrane surface protein tightly associated 
with the receptor. Finally, this notion is further streng- 
thened by our results obtained with single-channel recor- 
dings under the on-cell attached configuration (Figure 5). 
Under this configuration, currents through single or very 
few GABA A R channels in the membrane patch under- 
neath of the tip of the recording pipette can be recorded 
in isolation from GABA A Rs outside of the pipette tip by 
applying GABA to the isolated membrane patch through 



the recording pipette solution. Using this configuration, 
we were able to demonstrate that the GABA A R single 
channel activities from the isolated membrane patch in- 
side of the recording pipette can only be potentiated by 
ATP applied into the patch membrane through the re- 
cording pipette solution, but not by that applied extracel- 
lularly to the plasma membrane outside of the recording 
pipette tip (Figure 5). Together, the present study provides 
strong evidence supporting a novel mode of modulation 
of GABA A Rs by extracellular ATP; allosteric modulation 
likely achieved by either a direct binding of ATP to the re- 
ceptor itself, or to an unknown protein tightly associated 
with the receptor. Nonetheless, given that extracellular 
ATP may potentially penetrate the plasma membrane, the 
possibility that ATP potentiates GABA A R function by a 
direct action on an intracellular domain of the receptor 
remains to be ruled out. Thus, the ultimate evidence for 
such a novel allosteric modulation will only come from 
the positive identification/characterization of the novel 
binding site (s) on GABA A R domain (s) or to identify 
the receptor associated protein by which ATP acts. In 
addition, whether the potentiation of GABA A Rs by ATP is 
state-dependent remains to be determined. 

How ATP binding modulates the GABA A R remains to 
be determined. ATP binding may cause a conformational 
change to the GABA A R, thereby affecting its agonist 
binding affinity, channel gating, or both. Using various 
modes of single-channel recordings and analysis, in the 
present study we observed that extracellular ATP can 
increase GABA A R-gated channel activities by primarily 
increasing the channel open times without altering its 
conductance. This may suggest that ATP binding pre- 
dominantly alters the apparent agonist binding affinity 
to the receptor, rather than the conformational change 
of the channel pore. This conjecture is further streng- 
thened by the GABA dose-response relationship analysis 
from HEK293 cells as extracellular ATP results in a left- 
shift of the GABA dose-response curves without altering 
either h coefficient or the maximal responses (Figure 6B). 
Future site-direct mutations of the putative ATP binding 
domain along with direct ATP binding assays may pro- 
vide a better understanding of the detailed mechanisms 
by which ATP exerts its modulation of the GABA A R. 

In the mammalian brain, GABA A Rs play a key role in 
regulating the excitation-inhibition balance (and hence 
the tight control of neuronal excitability), and this func- 
tion is primarily realized by mediating synaptic (phasic) 
inhibition and tonic inhibition [26]. In the present study, 
we demonstrated that application of extracellular ATP at 
millimolar concentrations not only potentiates GABA 
currents evoked by exogenously applied GABA, but also 
both synaptic and tonic currents activated by endo- 
genous GABA. These results suggest that extracellular 
ATP has significant physiological and/or pathologic 
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impacts on neuronal excitability via modulating G ABA A Rs. 
To this end, it is relevant to point out that several previous 
studies have suggested that under normal conditions, the 
extracellular ATP in the CNS is approximately 1-100 [iM 
[25]. At such a low level, the basal extracellular ATP may 
have little influence on neuronal excitability via GABA A Rs. 
However, it is important to note that ATP has previously 
been shown to be co-localized with GABA in the same 
vesicles at certain GABAergic synapses, and more impor- 
tantly, that these two transmitters can be co-released into 
the synaptic cleft [18,19,25], whereby ATP concentrations 
can transiently reach the levels above hundreds of micro- 
moles or even millimolar concentrations. In the present 
work, we demonstrated that at these concentrations, extra- 
cellular ATP can potentiate GABA A R-mediated mlPSCs. 
The fact that ATP potentiation of mlPSCs is primarily 
manifested as a specific increase in mlPSC amplitude, 
without altering its frequency, is in good agreement with 
the allosteric modulation of postsynaptic GABA A Rs. 
Thus, this mode of modulation may function at certain 
GABAergic synapses under physiological conditions. 
Similarly, the modulation may also occur under patho- 
logical conditions (including neuronal overexcitation, 
epileptic episodes, inflammation, traumatic insults, hyp- 
oxia/ischemia), as ATP release from damaged neurons 
and astrocytes can rapidly increase extracellular ATP 
concentrations [21-24]. ATP may increase both phasic 
and tonic GABA currents by acting on both synaptic 
and extrasynaptic GABA A Rs. By forming such a ho- 
meostatic feedback loop, under pathological conditions 
extracellular ATP may exert significant impacts on 
neuronal function and/or dysfunction. However, a related 
caveat is the potential complication from acidosis that is 
often associated with high concentrations of extracellular 
ATP. Given that acidosis is known to reduce GABA A R 
activity, how it will impact this ATP-induced allosteric 
potentiation warrants future investigations. 

Conclusions 

In this study, we demonstrate that extracellular ATP and 
its analogs such as ADP can potentiate function of 
GABA A Rs via a novel mechanism likely involving the 
direct binding of ATP to a putative ATP-binding site on 
the GABA A R itself. We demonstrate that through this 
modulation, extracellular ATP can enhance both phasic 
(synaptic) and tonic GABA A R-mediated currents. There- 
fore, the present study reveals a novel means by which 
extracellular ATP contributes to regulating excitation- 
inhibition balance and neuronal excitability under certain 
physiological and pathological conditions. In addition, due 
to the importance of GABA A Rs in mediating neuronal in- 
hibition in the brain, they have been a major therapeutic 
target for the development of many drugs currently used 
for the clinical treatment of brain disorders. Further 



identifying the exact putative binding site of ATP on 
GABA A Rs may lead to the development of novel 
GABAAR-based therapeutics for better management of 
these brain disorders. 

Materials 

Primary culture of hippocampal neurons 

Methods for culturing hippocampal neurons have been 
described previously [43]. Briefly, hippocampi from E18 
old Wistar rat embryos were dissected and treated with 
0.25% trypsin solution (Invitrogen) for 25 min at 37°C, 
then mechanically dissociated using fire-polished pasteur 
pipettes. Cell suspension was centrifuged at 2500 x g for 
50 s and the cell pellets were resuspended in DMEM 
with 10% fetal bovine serum (FBS). Cells were seeded on 
poly-D-lysine-coated 24-well coverslips at a density of 
0.8-1.0 x 10 5 cells/well. Cultures were maintained in a 
humidified incubator with 5% C0 2 at 37°C. After 24 h, 
the plating medium was changed to Neurobasal medium 
supplemented with B-27 and L-glutamine (0.5 mM) and 
neurons were fed with fresh medium twice weekly. 
Experiments were done 14-18 days after the plating. 

Expression of recombinant GABA A receptors in HEK293 
cells 

Human embryonic kidney (HEK) 293 cells were cultured 
as previously described [44]. Briefly, HEK293 cells were 
cultured in DMEM supplemented with 10% FBS. Cells 
were harvested weekly and seeded at 10% confluence on 
poly-L-lysine-coated glass coverslips in 24-mm culture 
dishes. Cells were transiently co-transfected at 70% con- 
fluence with rat cDNAs encoding al, |32 and y2-EGFP 
subunits of the GABAA receptor at a 1:1:1 ratio using 
Lipofectamine2000 (Invitrogen, Carlsbad, CA). Recor- 
dings were made 24-48 h after transfection. 

Whole-cell patch clamp recording 

Coverslips were transferred to the recording chamber 
and were continuously perfused with an extracellular 
solution containing the following (in mM): NaCl 140, 
KC1 5.4, MgCl 2 1.3, HEPES 25, CaCl 2 1.3, glucose 20, 
pH 7.35-7.45, 305-315 mOsm. Recordings were per- 
formed in the voltage-clamp mode using an Axopatch 
200B patch-clamp amplifier (Axon Instruments). The 
cell membrane were held at a potential of -60 mV and 
signals were filtered at 2 KHz, digitized at 10 KHz using 
a Digidata 1322 A analog- to-digital converter and ac- 
quired by Clampex 9.2 (Axon Instruments). Recording 
electrodes (3-5 M) were fabricated from thin-walled 
borosilicate glass tubing (World Precision Instruments, 
USA) with a micropipette puller (Sutter Instruments, 
model P-97, Novato, CA). Recording pipettes were filled 
with an intracellular solution containing (in mM): CsCl 
140, HEPES 10, 1,2-bis (2-aminophenoxy) ethane-A/, N, 
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N, Af-tetraacetic acid (BAPTA-Cs) 10, Mg-ATP 4, QX- 
314 5, pH 7.20; osmolality, 290-295 mOsm. CNQX 
(20 uM), AP-5 (50 uM) and tetrodotoxin (TTX, 0.5 uM) 
were included in the external solution to block gluta- 
matergic and the voltage-gated sodium channels. All 
experiments were performed at room temperature. 

Induction of GABA A R-mediated currents 

Glass pipettes were filled with GABA (100 uM) dissolved 
in the extracellular recording solution. The pipette tip 
was placed in the vicinity of recorded neurons. GABA 
was applied via pressure ejection using a Picospritzer 
(General Valve Corporation, Fairfield, NJ) at 60 sec in- 
tervals. For recording of GABA currents in HEK293 
cells, fast perfusion of GABA and/or other ligands were 
employed using a computer-controlled multibarrel fast 
perfusion system (Warner Instruments). For some of the 
experiments using bath perfusion of ATP or ADP, 5 mM 
EGTA was added into Ca 2+ -free extracellular solution to 
further reduce residual Ca 2+ in extracellular solution, 
thereby minimizing any potential effect of ATP/ADP- 
induced extracellular Ca 2+ influx. Under our experi- 
mental conditions in cultured neurons, the Ca 2+ -free 
solution neither produced any observable current on its 
own nor significantly affected GABA A R-gated currents 
(1 uM GABA; -648 ± -245pA in control solution 
vs -677 ± -256pA in Ca 2+ -free solution supplemented 
with 5 mM EGTA; n = 7; p < 0.05). 

mlPSCs and GABA tonic current recording and analysis 

GABA A receptor-mediated miniature inhibitory post- 
synaptic currents (mlPSCs) were recorded at a holding 
potential of -60 mV. CNQX (20 uM), APV (50 uM) and 
TTX (1 uM) were added to the extracellular solution to 
isolate GABAergic mlPSCs. Before drug application, a 
3-5 min period of baseline recording (control) was ob- 
tained. The recordings were low-pass filtered (Clampfit 
software) at 2 kHz, digitized at 10 KHz using a Digi 
data 1322A analog-to-digital converter and acquired by 
Clampex 9.2. Detection and analysis of mlPSCs were 
performed using Mini Analysis Program (Synaptosoft, 
Decatur, GA). Any spurious noise was rejected. The 
mlPSC kinetics were obtained from analysis of the aver- 
aged single events. To facilitate analysis, decay time con- 
stant (t d ) was obtained by fitting the decay phase to a 
single exponential equation. Tonic GABA current was 
estimated as the change in baseline current produced by 
a 2 min application of bicuculline (20 uM). 

Single channel analysis 

Patch pipettes for cell-attached and outside-out single 
channel recordings were pulled from thick-wall borosili- 
cate glass (GC150F, Harvard Apparatus), fire polished, 
and coated with Sylgard 184 (Dow Corning) with a 



resistance of 6-10 MO. For outside-out recordings, the 
recording pipette was filled with the intracellular solu- 
tion at a holding potential of - 60 mV. GABA (0.5 uM) 
was added to the external solution to activate GABA A Rs. 
In cell-attached patch mode, the composition of the pip- 
ette solution was (in mM): KC1 120, TEA-C1 20, 1.3 
MgCl 2 , HEPES 10, pH 7.40, 290-300 mOms. GABA 
(0.5 uM) or GABA (0.5 uM) and ATP (1 mM) were in- 
cluded in the pipette solution. Signals were filtered at 
1 kHz, sampled at 10 kHz and analyzed off-line using 
Clampfit 9.2. An idealized recording of the durations 
and amplitudes of detectable events of the single- 
channel data was generated using 50% threshold cros- 
sing criteria. Events with a duration less than 300 us 
were ignored. Single channel activities were expressed as 
the product of the number of channels x the open prob- 
ability (P 0 ); i.e. NP G = Z[(open time x number of channels 
open) /total time of record]. 

Drugs 

Drugs used in the present study were purchased from 
the following sources: nucleotides (ATP, UTP, GTP, 
ADP, UDP, GDP, AMP, UMP, GMP), GABA and bicu- 
culline (Sigma-Aldrich); suramin, CNQX, APV, PPADS 
(Tocris); and TTX (Alomone Labs). 

Statistical analysis 

Data is presented as means ± SEM, where n represents the 
number of tested cells. One-way ANOVA or the two- 
tailed Students test was used for statistical analysis and 
P values less than 0.05 were considered statistically signifi- 
cant. Dose-response curves were constructed by fitting 
data to the Hill equation: I = I max /(l + EC 50 / [A] n ), where 
/ is the current, I max is the maximum current, [A] is a 
given concentration of agonist, n is Hill coefficient (H). 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

JL and YTW designed the experiments. JL performed and analyzed all 
experiments. JL and YW wrote the manuscript. Both authors read and 
approved the final manuscript. 

Acknowledgements 

We thank Y.P. Li for preparation and maintenance of hippocampal neuronal 
cultures and L. W. Oschipok for his excellent editorial assistance. This work 
was supported by the Canadian Institutes for Health Research and the 
Taiwan Department of Health Clinical Trial and Research Center of Excellence 
(DOH102-TD-B-1 1 1-004). J.L was supported by postdoctoral fellowships from 
National Sciences and Engineering Research Council, the Michael Smith 
Foundation for Health Research and the British Columbia Epilepsy Society. 
Y.T.W. is the holder of the Heart and Stroke Foundation of British Columbia 
and Yukon chair in stroke research. 

Author details 

1 Brain Research Centre and Department of Medicine, Vancouver Coastal 
Health Research Institute, University of British Columbia, Vancouver, BC V6T 
2B5, Canada. 2 Translational Medicine Research Center, China Medical 
University Hospital, Graduate Institute of Immunology, China Medical 



Liu and Wang Molecular Brain 2014, 7:6 
http://www.molecularbrain.eom/content/7/1/6 



Page 1 1 of 1 1 



University, Taichung 40447, Taiwan. 3 Current address: Medical Research 
Center, Qianfoshan Hospital, Shandong University, Jinan, Shandong 250014, 
China. 

Received: 22 July 2013 Accepted: 19 December 2013 
Published: 24 January 2014 



References 

1. Macdonald RL, Olsen RW: GABAA receptor channels. Annu Rev Neurosci 
1994, 17:569-602. 

2. Baulac S, Huberfeld G, Gourfinkel-An I, Mitropoulou G, Beranger A, Prud'homme JF, 
Baulac M, Brice A, Bruzzone R, LeGuern E: First genetic evidence of GABA (A) 
receptor dysfunction in epilepsy: a mutation in the gamma2-subunit gene. 
Nat Genet 2001,28:46-48. 

3. Scheffer IE, Berkovic SF: The genetics of human epilepsy. Trends Pharmacol 
Sci 2003, 24:428-433. 

4. Lydiard RB: The role of GABA in anxiety disorders. J Clin Psychiatry 2003, 
64(Suppl 3):21-27. 

5. Wassef A, Baker J, Kochan LD: GABA and schizophrenia: a review of basic 
science and clinical studies. J Clin Psychopharmacol 2003, 23:601-640. 

6. Mohler H: GABA (A) receptor diversity and pharmacology. Cell Tissue Res 
2006, 326:505-516. 

7. Korpi ER, Grunder G, Luddens H: Drug interactions at GABA (A) receptors. 
Prog Neurobiol 2002, 67:1 1 3-1 59. 

8. Reddy DS, Rogawski MA: Stress-induced deoxycorticosterone-derived 
neurosteroids modulate GABA (A) receptor function and seizure 
susceptibility. J Neurosci 2002, 22:3795-3805. 

9. Slomianka L: Neurons of origin of zinc-containing pathways and the 
distribution of zinc-containing boutons in the hippocampal region of 
the rat. Neuroscience 1 992, 48:325-352. 

10. Smart TG, Hosie AM, Miller PS: Zn2+ ions: modulators of excitatory and 
inhibitory synaptic activity. Neuroscientist 2004, 10:432-442. 

1 1 . Brandon NJ, Jovanovic JN, Colledge M, Kittler JT, Brandon JM, Scott JD, 
Moss SJ: A-kinase anchoring protein 79/150 facilitates the 
phosphorylation of GABA (A) receptors by cAMP-dependent protein 
kinase via selective interaction with receptor beta subunits. Mol Cell 
Neurosci 2003, 22:87-97. 

1 2. Lalo U, Andrew J, Palygin O, Pankratov Y: Ca2 + -dependent modulation of 
GABAA and NMDA receptors by extracellular ATP: implication for 
function of tripartite synapse. Biochem Soc Trans 2009, 37:1407-141 1. 

13. Saitow F, Murakoshi T, Suzuki H, Konishi S: Metabotropic P2Y 
purinoceptor-mediated presynaptic and postsynaptic enhancement of 
cerebellar GABAergic transmission. J Neurosci 2005, 25:2108-21 16. 

14. Boue-Grabot E, Toulme E, Emerit MB, Garret M: Subunit-specific coupling 
between gamma-aminobutyric acid type A and P2X2 receptor channels. 
J Biol Chem 2004, 279:52517-52525. 

1 5. Karanjia R, Garcia-Hernandez LM, Miranda-Morales M, Somani N, Espinosa-Luna R, 
Montano LM, Barajas-Lopez C: Cross-inhibitory interactions between GABAA 
and P2X channels in myenteric neurones. Eur J Neurosci 2006, 23:3259-3268. 

16. Toulme E, Blais D, Leger C, Landry M, Garret M, Seguela P, Boue-Grabot E: 
An intracellular motif of P2X (3) receptors is required for functional 
cross-talk with GABA (A) receptors in nociceptive DRG neurons. 
JNeurochem 2007, 102:1357-1368. 

17. Ortinau S, Laube B, Zimmermann H: ATP inhibits NMDA receptors after 
heterologous expression and in cultured hippocampal neurons and 
attenuates NMDA-mediated neurotoxicity. J Neurosci 2003, 23:4996-5003. 

18. Jo YH, Schlichter R: Synaptic corelease of ATP and GABA in cultured 
spinal neurons. Nat Neurosci 1999, 2:241-245. 

19. Jo YH, Role LW: Coordinate release of ATP and GABA at in vitro synapses 
of lateral hypothalamic neurons. J Neurosci 2002, 22:4794-4804. 

20. Sperlagh B, Vizi SE: Neuronal synthesis, storage and release of ATP. 
Semin Neurosci 1996, 8:175-186. 

21. Dubyak GR, el-Moatassim C: Signal transduction via P2-purinergic 
receptors for extracellular ATP and other nucleotides. Am J Physiol 1993, 
265:C577-C606. 

22. Bodin P, Burnstock G: Purinergic signalling: ATP release. Neurochem Res 
2001,26:959-969. 

23. Franke H, Krugel U, Hies P: P2 receptors and neuronal injury. Pflugers Arch 
2006, 452:622-644. 



24. Ferrari D, Chiozzi P, Falzoni S, Hanau S, Di Virgilio F: Purinergic modulation 
of interleukin-1 beta release from microglial cells stimulated with 
bacterial endotoxin. J Exp Med 1997, 185:579-582. 

25. Pankratov Y, Lalo U, Verkhratsky A, North RA: Vesicular release of ATP at 
central synapses. Pflugers Arch 2006, 452:589-597. 

26. Mody I, Pearce RA: Diversity of inhibitory neurotransmission through 
GABA (A) receptors. Trends Neurosci 2004, 27:569-575. 

27. McDonald BJ, Moss SJ: Differential phosphorylation of intracellular 
domains of gamma-aminobutyric acid type A receptor subunits by 
calcium/calmodulin type 2-dependent protein kinase and 
cGMP-dependent protein kinase. J Biol Chem 1994, 269:181 1 1-181 17. 

28. Poisbeau P, Cheney MC, Browning MD, Mody I: Modulation of synaptic 
GABAA receptor function by PKA and PKC in adult hippocampal 
neurons. J Neurosci 1 999, 1 9:674-683. 

29. Lin YF, Browning MD, Dudek EM, Macdonald RL: Protein kinase C 
enhances recombinant bovine alpha 1 beta 1 gamma 2L GABAA 
receptor whole-cell currents expressed in L929 fibroblasts. Neuron 1994, 
13:1421-1431. 

30. Wirkner K, Stanchev D, Koles L, Klebingat M, Dihazi H, Flehmig G, Vial C, 
Evans RJ, Furst S, Mager PP, et al: Regulation of human recombinant P2X3 
receptors by ecto-protein kinase C. J Neurosci 2005, 25:7734-7742. 

31. Abbracchio MP, Burnstock G, Verkhratsky A, Zimmermann H: Purinergic 
signalling in the nervous system: an overview. Trends Neurosci 2009, 
32:19-29. 

32. Ralevic V, Burnstock G: Receptors for purines and pyrimidines. Pharmacol 
Rev 1998, 50:413-492. 

33. North RA: Molecular physiology of P2X receptors. Physiol Rev 2002, 

82:1013-1067. 

34. Sperlagh B, Vizi ES, Wirkner K, Hies P: P2X7 receptors in the nervous 
system. Prog Neurobiol 2006, 78:327-346. 

35. Jiang LH, Mackenzie AB, North RA, Surprenant A: Brilliant blue G selectively 
blocks ATP-gated rat P2X (7) receptors. Mol Pharmacol 2000, 58:82-88. 

36. Reddy MC, Palmisano DV, Groth-Vasselli B, Farnsworth PN: 31 P NMR studies 
of the ATP/alpha-crystallin complex: functional implications. 

Biochem Biophys Res Commun 1992, 189:1578-1584. 

37. Bezprozvanny I, Ehrlich BE: ATP modulates the function of inositol 
1,4,5-trisphosphate-gated channels at two sites. Neuron 1993, 
10:1175-1184. 

38. Quinton PM, Reddy MM: Control of CFTR chloride conductance by ATP 
levels through non-hydrolytic binding. Nature 1992, 360:79-81. 

39. McKernan RM, Whiting PJ: Which GABAA-receptor subtypes really occur 
in the brain? Trends Neurosci 1996, 19:139-143. 

40. Shirasaki T, Aibara K, Akaike N: Direct modulation of GABAA receptor by 
intracellular ATP in dissociated nucleus tractus solitarii neurones of rat. 
J Physiol 1 992, 449:551-572. 

41. Ferris CD, Huganir RL, Snyder SH: Calcium flux mediated by purified 
inositol 1,4,5-trisphosphate receptor in reconstituted lipid vesicles is 
allosterically regulated by adenine nucleotides. Proc Natl Acad Sci USA 
1990, 87:2147-2151. 

42. Kwak J, Wang MH, Hwang SW, Kim TY, Lee SY, Oh U: Intracellular ATP 
increases capsaicin-activated channel activity by interacting with 
nucleotide-binding domains. J Neurosci 2000, 20:8298-8304. 

43. Mielke JG, Taghibiglou C, Wang YT: Endogenous insulin signaling protects 
cultured neurons from oxygen-glucose deprivation-induced cell death. 
Neuroscience 2006, 143:165-173. 

44. Bradley CA, Taghibiglou C, Collingridge GL, Wang YT: Mechanisms involved 
in the reduction of GABAA receptor alphal-subunit expression caused 
by the epilepsy mutation A322D in the trafficking-competent receptor. 

J Biol Chem 2008, 283:22043-22050. 



doi:1 0.1 186/1 756-6606-7-6 

Cite this article as: Liu and Wang: Allosteric modulation of GABA A 
receptors by extracellular ATP. Molecular Brain 2014 7:6. 



